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I 
Although the respiration of germinating seeds considered as a func- 
tion of temperature has often been studied, actual data which are ac- 
curate enough for quantitative treatment of the relationship between 
respiration  and  temperature  are  very  scanty.  The  few  instances 
which can be subjected to such a treatment were brought together by 
Crozier  (1924),  who called attention  to  the  repeated occurrence of 
temperature characteristics (g) of certain magnitudes, and to the in- 
cidence of sharp breaks in the curves at certain temperatures (cf. also 
Navez,  1928-29).  These  appear clearly when the logarithms of the 
rates of respiration are plotted against the reciprocal of the absolute 
temperatures according to  the Arrhenius equation,  but  are  equally 
evident in other forms of representation.  Above and below such a 
break,  the  values  of  the  temperature  characteristic  are  different. 
Since the publication of that paper little additional data have been 
made  available  on  this  particular  point.  The  present  paper  con- 
siders the temperature characteristics for the oxygen consumption of 
the germinating seeds of Lupinus albus and of Zea mays; the observa- 
tions were undertaken as part of a  more extensive investigation (cf. 
Crozier, Stier, and Pincus, 1929),  of which further  portions will  be 
described subsequently. 
II 
Microrespirometers of the type described by Warburg (1926)  were used in  this 
study.  The thermostat was so controlled that any temperature from above 0°C. 
to 50°-C. could be maintained to within ±  0.005 ° for a  long time (cf. Crozier and 
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Stier, 1927).  The manometer vessels used are conical in shape, with capacities of 
about 13 cc., provided with a side arm, and with a cylindrical inset about 15 mm. 
high and 8 mm. in diameter.  Each vessel is filled with 5 cc. of 10 per cent KOH 
solution through the side arm and a portion of the liquid is pipetted into the inset 
to fill the latter to about a fifth of its height, care being taken not to touch the wall 
of the inset with KOH.  A seed is placed on top of the inset with the hypocotyl or 
radicle pointing downward near the center of the cylinder, not touching the wall. 
Ample space is provided for gas exchange between the inset and the vessel proper. 
The manometers are not shaken during the course of the experiment, thus avoid- 
Lug geotropic stimulation (cf. Navez, 1928-29; Navez and Crozier, 1929; in Ms.) 
and other complications resulting from shaking.  Preliminary experiments showed 
that the readings taken in this way do not differ from those taken when the gas 
within the vessel is stirred by rapid raising and lowering of the solution in the ma- 
nometer at frequent intervals throughout the coume of the experiment.  The fact 
that the seed is placed above the absorbing KOH, in air, so that the diffusion of oxy- 
gen into the seed is direct, and the fact that CO2 is heavier than air, tending to de- 
scend from the seed to the KOH below, justify the elimination of shaking.  Phe- 
nolphthalein tests at the end of an experiment show that the amount of KOH used 
both in the inset and in thevessel proper is in excess of the CO2 produced, and that 
there is no creeping of the alkali up the wall of the inset.  Since the seed is chang- 
ing in volume during the time when it is in the vessel, there is a slight change of the 
apparent "vessel constant."  But this was found to be negligible, being not more 
than 1 per cent. 
Two kinds of seeds were used in the experiment: Lupinus albus and Zea mays. 
The former was obtained from a seed store; the latter was kindly supplied by the 
Department of Plant Breeding of the University of Minnesota, and is known as 
"Culture 16, Inbred from Rustler, 9 years selfed." 
The seeds were germinated in moist maple sawdust which had previously been 
repeatedly boiled in distilled water.  They were left in a dark incubator at 23 °  -4- 
0.5 until the seed coat was broken and the hypocotyl or the radicle was about a 
millimeter long.  This in the case of Luplnus required only 12 hours; in the case of 
Zea, 36 hours.  No fungus growth was observed on the seeds. 
When about to start an experiment, the seeds were gently taken out and cleared 
of any adhering sawdust, then carefully transferred to the vessel, and seated on top 
of the inset in the position already described.  For the transfer a pair of forceps was 
used, and as far as practicable stimulation of the seed was excluded.  The vessel 
was then mounted on the manometer and placed in the thermostat in the custom- 
ary manner.  Six to seven respirometers were employed in each series of experi- 
ments, one of which served as a baro-thermometer.  After half an hour of adapta- 
tion, the stop-cocks of the manometers were closed and the first readings were 
taken.  Readings were taken at 15 minute intervals thereafter, and at the end of 
1 hour the temperature was changed, the seeds being allowed to adapt for about 25 
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ture to the first reading at the next temperature, a period of 30 minutes elapsed, 
about 5 minutes being used for the change of temperature, usually in a step of 2 
degrees.  During the change and the subsequent period of adaptation, the vessels 
and the seeds remained undisturbed, and the stop-cocks on the manometers were 
opened so as to connect the vessel with the outside air. 
Light was not entirely excluded  from the seeds.  Diffuse light  from the labo- 
ratory window and lamps was not avoided.  But since there was no formation of 
chlorophyll dur'mg the course of an experiment photosynthesis did not play a part 
here, and it is unlikely that the fairly constant diffuse light has much to do with 
respiration directly, though this yet remains to be investigated. 
III 
Fig.  1 shows the data for Lupinus albus.  The figures from several 
experiments were brought  together  by a  conversion  factor,  using  as 
standard  (100 per cent) the readings at 13 ° in the upper group, and 22 ° 
in the lower group.  Consequently the single point at these respective 
temperatures  represents several readings. 1  The first five readings in 
the upper group, denoted by open circles, taken at  18  ° , 16  ° , 14  ° ,  12  ° , 
and  10  °  respectively, were given no weight in  these  experiments be- 
cause during this time there occurs a  change of the rate of oxygen con- 
sumption of the  seeds with  time,  aside from the  question  of thermal 
adaptation to be discussed later.  Below 20  ° the points fall very con- 
sistently in a band the slope of which gives the temperature character- 
istic ]z  -  16,600.  In both groups a  break occurs at about 19.5  .°, and 
above that temperature the points fall into another band the slope of 
which is #  =  11,700.  In both groups the extent of scatter in the first 
band is 4-5 per cent, while it is 4-12 per cent in the band above 20  p, as 
drawn, but may be smaller in single instances, for it appears in many 
*  Preliminary experiments showed that we cannot compare the absolute values 
of oxygen uptake, expressed either as per individual seed, or in terms of unit weight, 
or unit surface, or of unit volume; hence the averaging of observations from differ- 
ent seeds can be done legitimately only after the rates have been adjusted empir- 
ically to a common basis.  In Figs. 1 and 2 this has been done by taking the rate of 
respiration of one seedling  at a given temperature (13 ° or 22°C.) as 100 per cent, 
and multiplying the rates for the other seeds by factors.  This has the effect of 
bringing into identical position the lines fitted to the data for the individual series 
of measurements, without in any way changing their slopes.  When this has been 
done, the corrected rates (not their logarithms) can be averaged with some confi- 
dence that one is averaging only the chance or fluctuating variations to which the 
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cases (cf.  Crozier and Stier,  1925-26;  1926-27; Pincus, 1930-31)  that 
there is  an abrupt shift in the absolute magnitude accompanying a 
change in the slope of the curve beyond a critical temperature,  This 
absolute shift is sometimes to a level lower and sometimes to a  level 
higher than the magnitude beyond the critical temperature.  When 
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FIC.  1.  Mass plot of data for Lupinus  albus.  The several experiments are 
grouped together by multiplication by a factor for each set, using one of the read- 
ings at 13  ° (upper group) or 22  ° (lower  group) as the standard (100 per cent).  The 
ordinate represents the logarithm of the change of pressure (in mm. of Brodie so- 
lution) per hour; the change in pressure is proportional to the volume of oxygen 
consumed.  The first five readings in the upper group, numbered chronologically 
and marked with open circles, are given no weight, as explained in the text. 
the observations are grouped together by the use of a single factor for 
the data on both sides of the critical temperature the range of variation 
may thus be magnified on one branch of the plot.  Besides this ques- 
tion of an abrupt change in the absolute magnitude of the rates, there 
is also the possibility that the intrinsic latitude of variation may be 
different on the two sides of the critical temperature (cf.,  e.g.,  Crozier PEI-SUNG TANG  635 
and Stier, 1926-27).  It is impossible to differentiate between the two 
in the present case, and probably both factors come into effect. 
It may be of interest to note that if the temperature changes are 
made in a way such as to pass from 18 ° to higher temperatures, as is 
represented in the lower group of points in Fig.  1, the readings fall 
consistently in two straight bands and  the "lag" which was  encoun- 
tered in the upper curve is not apparent.  Two points which belong to 
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FIG. 2.  Mass plot for observations on Zea mays.  The method of presentation 
is similar to that used in Fig. 1.  The first three readings in open circles and num- 
bered chronologically,  are given no weight, as explained in the text. 
one individual seedling fell far below the lower boundary of the band 
(Fig.  1, lower group).  There is reason to suppose that this seedling 
was injured during the course of the experiment. 
Fig. 2 exhibits the data upon the oxygen consumption of Zea mays. 
Discounting the first three readings, taken at 18  °,  16  °, and 14  °, as in 
the previous  case,  the points  again fall within two bands,  with the 
break occurring at  19.5 °.  The band below that  temperature has a 636  OXYGEN  CONSUMPTION  OF  GERMINATING  SEEDS 
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FIG.  3.  A  typical experiment  with Lupinus  dbus;  note the deviation  of the 
first five readings from the straight line (see text). 
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FIG. 4.  A typical experiment with Zea mays; note the absence of any deviation 
in this particular experiment.  (In other individual seedlings  there was a  drift 
with time during the first four readings.) PEI-SUI~G TANG  637 
slope of tz  =  2,1,050, with a  scatter of  ±10 per cent, and the band 
above 20  ° has a slope of 13,100 with about the same latitude of varia- 
tion.  One representative experiment from each of the two mass plots 
in Figs. 1 and 2 is given in Figs. 3 and 4. 
A series of experiments revealed the fact that the rate of respiration 
of both Lupinus and of Zea seedlings changes with time during the 
first few hours of the experiment, under these conditions, gradually 
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FIG. 5. The rate of oxygen  consumption  of Lupinus albus at different tempera- 
tures, plotted against time.  The first reading was taken about 1½ hours after the 
seeds were  placed in the vessels. 
reaching a constant level.  This effect is more pronounced in the case 
of Lupinus than in Zea, and is a function of temperature.  The change 
of rate of respiration is more rapid the higher the temperature, and the 
flat portion of the time curve is reached sooner.  ThuS, for Lupinus 
this level was reached in 8 hours at 18  °, in 7 hours at 19  °, and in 6 
hours at 2I  ° .  At 13  ° the rate changes so slowly that for practical pur- 
poses it may be considered as constant.  These effects are illustrated 
in  Fig.  5.  The same general relation holds for Zea,  only to  a  less 638  OXYGEN  CONSUMPTION  OF GEMINATING  SEEDS 
marked extent.  It was considered quite unusual that such a change of 
rate should occur, for the work of various authors (e.g., Warburg, 1926; 
Navez,  1928-29)  on the respiration of both animals  and plants indi- 
cates that the rate of respiration is constant with respect to time at 
least  within  short  durations.  That  the  effect is  not  due  to lack  of 
thermal adaptation is seen from the fact that except after the first few 
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FIG. 6.  The rate of oxygen consumption of Lupinus albus seeds which had been 
subjected to different conditions of germination, plotted against time, all at 18  °  . 
Curves A and B represent rates for seeds germinated on moist sawdust and trans- 
ferred to the respiration vessels; A is 9 hours older than B at the time of transfer to 
the respirometer and the beginning of observations.  C represents rates for seeds 
germinated over water, in a moist chamber, and then transferred to the respiration 
vessel.  D represents rates for seeds germinated in the vessel over the alkali, with- 
out transfer.  B, C, and D are similar in age, and are 9 hours younger than A. 
readings the points on the graphs of Figs. 1 and 2 fall consistently on a 
straight line.  Furthermore, a period of at least 1½ hour elapsed before 
the first readings in Fig. 5 were taken, and that length of time ought to 
have been enough for the small vessel and its contents to come to tem- 
perature equilibrium.  The most probable reason for the occurrence 
of such an effect is that it is due to a change in the condition of the seed PEI-S~G  TAN~  639 
when transferred from the moist sawdust, with which it was in direct 
contact and in which its hypocotyl was surrounded by a film of liquid 
water,  to the respiration vessel in which it is only surrounded by a 
moist atmosphere and  in which the  hypocotyl is  entirely free from 
direct contact with any liquid or solid.  Experiments in progress sub- 
stantiate this explanation.  In such experiments the seeds were ger- 
minated over water in a moist chamber, (C, Fig. 6) or were germinated 
directly in the manometer vessel over the alkali  (D,  Fig. 6).  These 
seeds behave quite differently from the ones which were germinated on 
the sawdust (B, Fig. 6), though all other conditions were maintained 
the same.  They show a very slight rise in the rate of respiration dur- 
ing the first 3 hours at 18°.  This is probably due to processes accom- 
panying the  initial  stage  of germination.  The rate  then  gradually 
arrives  at  a  steady  value,  after  about  the  fourth  hour.  Thus  the 
"time effect" seems to be due mainly to mechanical and perhaps other 
disturbances due to transferring the seeds from the germinator to the 
respiration chamber, and the initial increase in the rate of respiration 
is therefore an expression of response or reaction,  similar to the in- 
creased rate of production of CO~ in the geotropic response of Viola 
seedlings,  (Navez,  1928-29; Navez and  Crozier,  1929).  This "stim- 
ulating" effect is apparent only when the seeds are still in the stage 
when  the  hypocotyl is  just  emerging from the  seed  coat.  Experi- 
ments made with seeds germinated on sawdust for 9 hours longer than 
usual, exhibit a constant rate of respiration with time (A, Fig. 6). 
IV 
From these results it appears that the temperature characteristics 
for oxygen consumption by the germinating seeds of Lupinus albus are 
16,600 below 19.5  ° , and about 11,700 above that temperature.  In the 
case of Zea the values of the temperature characteristics  above and 
below 19.5 °  are respectively about  13,100,  and 21,050.  The critical 
temperature at which the breaks occur is about 19.5  o in both cases.  A 
temperature characteristic of the order 16,400±  calories is frequently 
encountered in connection with respiration (Crozier, 1924-25; Navez, 
1928-29);  in association with this, the magnitude 11,200q-  is of fre- 
quent occurrence.  Temperature characteristics of magnitudes 13,000 
(or  a  little  less)  and 21,000q-  in  association,  are  not,  however, un- 640  OXYGEN  CONS~PTION  O:F GERMINATING  SEEDS 
known; a particularly good instance is provided in recent experiments 
by Dr. T. J. B.  Stier on the respiration of yeast cells (in press).  In 
view of the fact that at the period of development concerned in these 
experiments the seedling of Lupinus is known to be essentially a pro- 
tein-metabolizing  seed,  and  the  seedling  of  Zea  a  carbohydrate- 
metabolizing one, the differentiation of the two seedlings in terms of 
the temperature characteristics which they exhibit for oxygen utiliza- 
tion is distinctly interesting.  But it must not be supposed that on any 
such basis  it  can be argued that  the magnitude of the temperature 
characteristic is an index of the particular metabolic substratum pre- 
dominately involved.  2  It is expected that further experiments with 
seedlings of these types, and with seedlings of metabolically still differ- 
ent kinds, will throw further light upon this matter. 
One point of technical importance has been brought into prominence 
by the study of the deviation of the first few readings of Figs. 1 and 2, 
and by the "time curves" of Figs. 5 and 6.  In such experiments as 
this, it is essential that when one is studying the rate of respiration as a 
function of temperature, one must be certain that it is not changed at 
the same time by other variables,  such as developmental state,  me- 
chanical excitation, etc., upon which the rate is  also  dependent (cf. 
also  Crozier  and Navez,  1930-31). 
SUMMARY 
The rate of oxygen consumption by germinating seeds of Lupinus 
albus and of Zea mays was studied as a  function of temperature (7- 
26°C.).  The Warburg  manometer technique was  used,  with  slight 
modifications.  Above and below a critical temperature at 19.5°C. the 
temperature characteristic for oxygen consumption by Lupinus  albus 
was found to be #  = 11,700~-  and 16,600 respectively.  The same crit- 
ical temperature was encountered in the case of Zea mays, with tem- 
perature  characteristics #  =  13,100~-  above and #  =  21,050  below 
that temperature. 
I  wish to  express my sincere gratitude to Professor W. J. Crozier, 
Dr.  A.  E.  Navez,  and  Dr.  T.  J.  B.  Stier  for valuable  advice and 
criticisms. 
2 The unwarranted imputation  of this sort of error in interpretation  has been made 
in Harvey's recent book (1928). PEI-SUNG  TANG  641 
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